Oligonucleotide probes that hybridize with specific sequences in variable regions of the 16S rRNA of the nitrogen-fixing actinomycete Frankia were used for the identification of Frankia strains in nodules. Frankia cells were released from plant tissue by grinding glutaraldehyde-fixed root nodules in guanidine hydrochloride solution. rRNA was obtained after sonication, precipitation with ethanol, and purification by phenolchloroform extraction. Degradation of rRNA, evident in Northern blots, did not affect hybridization with the oligonucleotides. Nodules of about 1 mg (fresh weight) provided sufficient rRNA for reliable detection of the Frankia strain. The utility of this rRNA extraction method was tested in a competition experiment between two effective Frankia strains on cloned Alnus glutinosa plants.
The actinomycete Frankia is a nitrogen-fixing organism that forms root nodules in symbiosis with woody plants such as black alder (Alnus glutinosa) and sea buckthorn (Hippophae rhamnoides) (2) . In root nodules, typical Frankia strains form specialized cell clusters that can fix molecular nitrogen. The formation of these so-called vesicles is also obtained in pure cultures of Frankia strains grown under nitrogen-limited conditions (15, 16) . Besides the typical strains, atypical Frankia strains exist that do not fix nitrogen, do not form vesicles, and are sometimes not able to infect their original host plants (10, 25) . These atypical strains lack all morphological and physiological characteristics of typical Frankia strains and usually resist isolation.
Investigations on the ecology of Frankia strains are very often hampered by problems encountered with isolation and identification. In the presence of other bacteria, it is often impossible to obtain this organism in pure culture. In general, a Frankia strain is isolated from nodules which naturally enrich for this particular strain. Successful attempts to isolate Frankia strains from soil have been reported only once (1) . Up to now, no selective isolation techniques have been developed, with the result that only a low percentage of isolation attempts has succeeded (23) . The difficulties with isolation and identification of Frankia strains could be ameliorated by specific markers for identifying these bacteria without isolating them.
In a first attempt to identify Frankia strains in nodules, plasmids were used as molecular probes (21) . Alternatively, strains in nodules can be identified by using restriction enzyme patterns of total DNA and subsequent hybridization using nif genes as probes (17, 18, 20) . The application of plasmid and DNA probes is restricted to endophyte enrichments, i.e., to large nodules or pure cultures, allowing for sufficient DNA for direct hybridization experiments.
Another possible use of molecular markers is the application of synthetic oligonucleotides that hybridize with rRNA (5, 6, 19, 22 (8) . Nodules that are metabolically highly active Frankia enrichments and consequently contain large amounts of Frankia rRNA are a good starting material for the application of these probes for identification.
The application of oligonucleotide probes in the detection of specific Frankia strains in nodules depends on the development of a reliable isolation method for rRNA. Pure rRNA preparations must be obtained to ensure specific hybridization signals of enriched target sequences. Nonspecific binding to DNA or polyphenolic compounds must be avoided. Polyphenols, rather common in actinorhizal plant tissue, are quite difficult to remove from nucleic acid preparations and interfere with the quantification of hybridization signals (21) . The presence of large amounts of polyphenols in A. glutinosa hinders the application of RNA extraction procedures commonly used with other plants (7, 26) . Since large numbers of nodules per plant must oftc t investigated, a rapid rRNA extraction would be preferable. Additionally, the detection method must be sensitive to allow the identification of Frankia strains in smaller nodules.
The aim of our investigations was to develop a rapid RNA isolation method from nodules, ensuring high yields of pure rRNA of the endophyte that could be used in hybridization experiments to detect Frankia strains without the need for reisolation and cultivation. The method described below is rapid and sensitive enough to detect specific target sequences in small nodules. RNA isolations were checked on Northern (RNA) blots by hybridization with a universal eubacterial probe commonly used as primer in 16S rRNA sequencing reactions (primer 1115 [4] ). Additionally, two probes that hybridize with 16S rRNA sequences specific to effective Frankia strains belonging to the Alnus compatibility group (3'-CCCTAGGCATTC CCAGGACG; probe EFP [8] ) and with Frankia strains in general (3'-GACCACCACACCTTTCTAAATA; D. Hahn, unpublished data) were used to detect 16S rRNA sequences.
The specificity of both probes has been demonstrated in dot blot hybridization experiments with immobilized rRNA of 23 Frankia strains belonging to different compatibility groups.
Detection of Frankia strains. RNA from different amounts of nodules (1 to 10 mg [fresh weight]) of Frankia strain Ag45/Mutl5 was used in dot blot experiments with probe EFP to estimate the detection limit. In order to show the purity of the RNA preparation, i.e., the absence of polyphenols, temperature-dependent hybridization of this probe with 16S rRNAs of the effective Frankia strains Ag45/Mutl5 and AgKG'84/4 was also tested in dot blot experiments.
Probe EFP was designed on the basis of 16S rRNA sequences of Frankia strain Ag45/Mutl5. Even under stringent conditions, this probe hybridized with 16S rRNA sequences of nitrogen-fixing strains obtained from alder plants (8) .
Competition experiments. The usefulness of the RNA extraction method was tested in competition experiments with the effective Frankia strains Ag45/Mutl5 and AgKG'84/ 4. Plants of A. glutinosa clone B 11 (10) were grown in 1.5-liter pots in the greenhouse with perlite as the substrate and inoculated with defined amounts of both Frankia strains. After 3 months of growth under natural light conditions, plant height, plant dry weight, and the number of nodules per plant were determined. Nodules were harvested, fixed in 1% glutaraldehyde solution and stored in this solution at 4°C until used for RNA isolation. About 20 nodules per plant were selected at random and used to determine strain compositions.
Filter hybridization. Northern blots and dot blot hybridization experiments were performed on GeneScreen filters (Du Pont Co. during the sonication step (Fig. 2) . A more intensive sonication yielded more rRNA without further degradation of the RNA. Small nodules (about 1 mg [fresh weight], about 1 mm in diameter) contained sufficient target sequences for clear hybridization signals (Fig. 3) . The hybridization signals of isolated rRNA from nodules of 1, 5, and 10 mg (fresh weight) with probe EFP correlated more or less with that of 1, 5, and 10 ng of rRNA of Frankia strain Ag45/Mutl5.
The isolated rRNA was pure enough to give specific hybridization signals (Fig. 4) 
DISCUSSION
The simple and rapid isolation method for rRNA from nodules described here and the subsequent use of oligonucleotides for the detection of specific target sequences on rRNA is attractive for ecological investigations. The specificity of probes, low detection limit of target sequences, and simple application in hybridization experiments can avoid problems of reisolation and identification in pure culture. Nodules, being natural enrichments of Frankia, are a good starting material for these investigations. The relatively high sensitivity of the probe-target system allows in this case a reliable identification of the Frankia strain in very small nodules. The procedure permits the investigation of the strain composition in larger nodules consisting of several lobes. Even the strain composition of each lobe can be and Ag45/Mutl5, theoretically simplify the identification process because single hybridization and washing at two stringencies can distinguish between both strains. However, temperature-dependent hybridization cannot be used to study possible double infections in one nodule. Here, two specific probes are necessary to identify the infecting strains. In our experiment, the identification of Frankia strains in nodules obtained after dual inoculation of both Frankia strains at different concentrations indicates that strain Ag45/ MutiS is a superior competitor to strain AgKG'84/4. However, this assumption is based on a substantial amount of speculation since nothing is known about possible double infections. Furthermore, the application of two specific probes may be of limited value when the concentration of one of the infecting strains is below the detection limit.
The phenomenon of reduced nodule formation after dual inoculation of Frankia strains in A. glutinosa plants is similar to results found in competition experiments with Rhizobium strains (13, 28) . More information on possible interference between both Frankia strains in nodule formation on A. glutinosa plants might therefore be obtained after independent inoculation of both Frankia strains at different times in combination with strain identification.
Group-or species-specific sequences of 16S rRNA have been found in various microorganisms (5, 6, 11) . Analyses of variable regions of 16S rRNA of closely related organisms indicate variation sufficient to design probes of interest, despite the fact that DNA-DNA homology studies suggest these species might actually be one and the same. This makes rRNA sequences an attractive target for diagnostic research (11, 24, 27) . The application of the RNA extraction method in combination with specific probes can supply rapid information on the occurrence and the establishment of recalcitrant organisms in natural populations, e.g., populations in natural environments like soil. Problems encountered with the isolation of RNA from soil samples are quite similar to that encountered with the isolation from nodules, i.e., the presence of large amounts of humic acids or polyphenols. During our isolation procedure, all polyphenols are removed from the rRNA sample. The usefulness of 16S rRNA sequences directly isolated from soil samples as targets for oligonucleotide probes should therefore only depend on the quality of the probe, thus ensuring the detection of small amounts of target sequences within large amounts of background rRNA.
